H I G H L I G H T S
• Lipid bilayer membrane -gold nanoparticle interactions were examined using QCM-D.
• The influence of an environmental polymer over these interactions was explored.
• In the absence of the polymer, the nanoparticles did not perturb the membrane.
• With the polymer present, larger nanoparticles were found to disrupt the membrane.
• The particle size dependence of polymer-mediated membrane disruption is modeled.
• Cytotoxicity due to factors external to the nanoparticle marks a paradigm shift.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Assessing nanomaterial hazards to humans and environmental organisms has proven to be challenging due to the vast diversity in nanomaterial properties (such as molecular composition, aqueous solubility, water-lipid partition coefficient, nanoparticle size, surface area, shape), the wide variations in the biological targets (such as cell lines, biomarkers) and the conditions (such as the dose levels of the nanoparticles, cell contact times) under which the interactions are examined [1] . Many experimental studies of cytotoxicity of engineered nanomaterials have been reported in the literature [2] , most using mammalian cells, although there is an increasing body of literature related to bacteria. These studies have helped identify a number of mechanisms by which nanomaterials induce toxicity [3] , including: cell damage by generation of reactive oxygen species (ROS), damage to DNA, damage to the functionality of cellular proteins/enzymes, triggering of inflammation, damage to mitochondrial function, and disruption of cell membrane integrity. All of the abovementioned mechanisms of cytotoxicity, with the exception of cell membrane disruption, have been shown possible from the molecular, atomic or ionic species constituting the NP and without requiring the nanoparticle nature of the material. For example, the ROS generation measured with different metal oxide NPs (Fe 2 O 3 , Co 3 O 4 , Mn 3 O 4 ), and with molecular solutions of the same metal oxides, shows that ROS generation occurs readily from molecular solutions [4] and does not require the material to be present in the nanoparticle form. Similar conclusions can be derived from available experimental data for many of the other cytotoxic mechanisms. In contrast, the integrity of the plasma membrane has been studied in the presence of different kinds of NPs such as metallic silver, semiconductor CdO, and metal oxide MoO 3, and compared against the effects of their corresponding salt solutions: silver carbonate, cadmium chloride, and sodium molybdate [5] . In all cases, the soluble salts did not affect the plasma membrane integrity, while the three NPs reduced the membrane integrity allowing leakage of a cytosolic enzyme to occur. This suggests that the mechanism of cytotoxicity in the form of membrane destabilization requires the nanoparticle nature of the material and is not caused by the molecular scale action of the constituent molecules. It follows that if cell membrane disruption is purely due to physical factors such as the size, surface charge density, and polarity of NPs, then it must be a generic mechanism operative in the case of all nanomaterials.
An important complication when studying nanoparticle interactions related to environmental systems arises from the presence of natural organic matter (NOM). Structurally, NOM is extremely complex with a three-dimensional macromolecular architecture and consisting of a diverse group of organic molecules [6] . At present, there is no consensus on the primary binding mechanism responsible for the aggregation of molecules giving rise to NOM. However, the nature of the major functional groups present in NOM has been well characterized, with groups such as carboxyl, hydroxyl, phenolic, alcohol, carbonyl and methoxy, all present. NOM has the ability to modify NP properties by adsorbing to the surface of the particles, which has been found to enhance the stability of aqueous NP dispersions and decrease particle aggregation [7, 8] . Typically, NOM is negatively charged, and it impacts the surface properties of NPs by increasing electrostatic repulsion amongst the NPs. Since NOM is ubiquitously found in natural environments, studies of NP activity against environmental organisms should be conducted in the presence of organic species representing NOM.
In this work we focus on how nanoparticle size affects membrane destabilization, in the absence of and in the presence of organic matter simulating NOM. A model membrane system acting as the analog of biological cells is used to obtain systematic information on the nature of NP-membrane interactions. Supported lipid bilayers (SLBs) have become a reliable model system for cell membranes because they exhibit many of the properties of biological membranes, such as lateral fluidity, ability to incorporate proteins, and impermeability to ionic species [9] . The use of supported lipid bilayer, which mimics the basic membrane structure common to all cellular organisms provides a well-defined model membrane platform for studying NP-cell membrane interactions, mitigating data comparison problems arising from the use of different organisms. To simulate the key characteristics of NOM in the environment, we use a polymer, polymethacrylic acid (PMAA) with carboxyl functional group, which is an important functional unit of NOM.
The SLBs are amenable to probing by many advanced surface science techniques. We used quartz crystal microbalance with dissipation monitoring (QCM-D) to study the interaction of gold NPs with a supported lipid bilayer membrane. Gold is generally not believed to be cytotoxic, and is under active investigation for use in gene transfer and drug delivery applications [10, 11] . Gold NPs at sizes above 2 nm do not have catalytic activity [12] . Therefore, the predominant mechanism by which gold NPs in the 2 to 100 nm range can cause toxicity is believed to be due only to membrane destabilization. The supported lipid bilayer membrane model is thus ideally suited to explore the mechanistic picture of how gold NPs interact with biological cell membranes, under pristine conditions and simulated environmental conditions.
Materials and methods
Gold nanoparticles
Spherical gold NPs were purchased from NANOCS (New York, NY) with diameters of 2, 5, 10, and 40 nm and their manufacturerspecified characteristics are described in the Supplemental information S1. All NP solutions were diluted with ultrapure water (Milli Q) to 7.14 × 10 10 particles/mL at a neutral pH of 7 for the QCM-D runs. The corresponding mass concentrations of the NPs in the dispersions are calculated to be 47.6 ng/mL, 142.8 ng/mL, 1252.4 ng/mL, and 79,325 ng/mL respectively, for the 2, 5, 10, and 40 nm particles, using the manufacturer provided mass and number concentrations for the four different particle sizes.
Lipids and preparation of vesicles
L-α-phosphatidylcholine (egg, chicken) (PC) with purity N 99% was purchased from Avanti Polar Lipids, Inc. PC powder (1.0 g) was solubilized in 10 mL of ethanol to yield 100 mg/mL, and stored at − 20°C. All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise stated. The egg phosphatidylcholine (PC) vesicle solution was prepared according to published procedures [13] as detailed in the Supplemental information S2.
Phenomenological model of nanoparticlepolymer-bilayer interactions
Formation of supported lipid bilayers
Supported lipid bilayer was formed on quartz crystals in the Q-sense E4 (Biolin Scientific, Sweden) QCM-D instrument. The protocols for preparing and using the crystals are described in the Supplementary information S3. To prepare the supported lipid bilayer [14] , Tris-NaCl buffer was flowed over QCM-D sensors at 0.15 mL/min with a peristaltic pump, for 10 min for all experiments. The lipid vesicle solution was added for 8 min to form a stable SLB. The crystals were rinsed with Tris-NaCl buffer for 6 min to remove any unattached lipids. The frequency change measurements were used to confirm the existence of a stable lipid bilayer for further investigations with NPs.
QCM-D measurements of SLB interactions with gold NPs in water
Measurements of gold NP-SLB interactions were made in ultrapure water. Since the viscosity and density of the solvent contributes to frequency and dissipation changes, the SLB formed using the buffer solution was first rinsed with the flow of ultrapure water for 8 min. All flows through the QCM-D were kept at the rate of 0.15 mL/min. After establishing this baseline in ultrapure water, gold NPs in water (7.14 × 10 10 particles/mL) were allowed to flow for 10 min. NP-membrane interactions occur rapidly followed by steady-state frequency and dissipation changes. Thus, a 10 min time frame was efficient for measuring our observed interactions and allowing enough time to ensure complete interaction. Previous studies reported in the literature [15] such as dye-leakage assays, appeared to require several hours to achieve steady state. However, the interactions observed via QCM-D signals occurred quickly on the surface of the SLB and did not require this long a measurement. Following the flow of the NP solution in water, the SLB was rinsed in ultrapure water, followed by rinse with Tris-NaCl buffer for 8 min each. For each NP size, at least 5 replicates were performed.
QCM-D measurements of SLB interactions with gold NPs in the presence of PMAA
To investigate the effect of natural organic matter (NOM), QCM-D experiments were done in the presence of polymethacrylic acid (PMAA), chosen as a NOM simulant from the viewpoint of the important carboxyl functionality. A 0.001 g/mL solution of PMAA (Polymer Source, Inc., Quebec, Canada with average molecular weight of 6800 Da and narrow size distribution) was sonicated for 30 min in an ultrasonic cleaner (Bransonic, Danbury, CT) and stored at 7°C. PMAA remained at a constant neutral pH of 7. In the QCM-D experiments, once the stable SLB was formed, the following sequence of flows were allowed to occur: first, the flow of ultrapure water as described above, then the flow of 0.001 g/mL PMAA for 8 min, followed by the flow of gold NP dispersion (7.14 × 10 10 NPs/mL in 0.001 g/mL PMAA) for 8 min, then a 0.001 g/mL PMAA rinse at the same flow rate for 8 min, followed by the ultrapure water rinse and finally the buffer rinse. The rinses with ultrapure water before the PMAA flow and after the PMAA flow were done to maintain consistent procedural steps. All four sizes of gold NPs were tested, with at least 5 replicates per NP size.
Analysis of QCM-D data
The QCM-D provides measurements of frequency change and dissipation change. The frequency changes Δf n measured at various overtones n (n = 3, 5, 7, 9, 11) of the natural frequency were normalized by the overtone number (Δf = Δf n /n). For the analysis, Δf data for the 3rd to 11th overtones were measured and used. Only small changes occur between different overtones, and the 3rd and 11th overtones were chosen to provide a representation of the highest and lowest resonances. The frequency change at the fundamental frequency is not generally analyzed since this is affected by the flow of bulk solution [16] . The QCM-D also measured energy dissipation changes, ΔD, which provided information on the rigidity of the adsorbed film. Typical sensitivities of QCM-D measurements in liquid are~0.1 Hz for frequency (equivalent to an areal mass of~1.7 ng/cm 2 ) and 0.1 × 10 −6 for dissipation.
Methods to relate the measured frequency and dissipation changes to changes in mass and in the viscoelastic properties of the membrane on the surface have been described in detail in the literature [17] [18] [19] and only a brief summary is provided here. For a rigid film of areal mass m f (mass per unit area) deposited on the crystal surface and exposed to air, the frequency change Δf which is normalized with respect to the overtone number and the areal mass of the film are related by the Sauerbrey equation, while the dissipation change ΔD is zero.
Here, f n is the natural frequency of the oscillator at the overtone number n, f o is the fundamental frequency of the oscillator (5 MHz) and m q is the areal mass of the quartz crystal (0.883 kg/m 2 ). The mass addition due to the film deposited on the crystal surface gives rise to a decrease in the frequency (negative Δf) while net mass loss is indicated by a positive Δf. The dissipation D is related to the loss modulus G″ and the storage modulus G′ in the form D = G″/(2π G′) and the change in dissipation ΔD can be related to the changes in the rigidity or viscoelasticity of the film attached to the crystal surface. Obviously, for the rigid film, the change in dissipation is zero. The change in mass for a rigid film can be calculated through the Sauerbrey relationship as, Δm = − C ⋅ Δf, where Δm is the change in areal mass (mass per crystal area, measured in ng/cm 2 ) corresponding to the normalized frequency change Δf (in units of Hz) and C the mass sensitivity constant for the sensor crystal (=17.8 ng cm ) to obtain mass change for the entire crystal.
If the rigid film is immersed in a Newtonian liquid (water or any of the solutions used in our experiments), the frequency and dissipation changes are modified due to the presence of the liquid and are now given by:
where η L is the viscosity of the liquid medium and δ L is the decay length of the acoustic wave in the liquid medium. The first term in Δf and the term appearing in ΔD represent the contributions coming from the removal of the quartz crystal from air and immersion in a liquid medium and are influenced by the viscosity and density of the solvent. Usually when measurements of any mass changes on the crystal are made using the same liquid, this solvent effect vanishes, since the crystal is in the same liquid both before and after the mass change process. Effectively, the film mass changes are given just by the Sauerbrey term. If the film is not rigid but viscoelastic, then the frequency and dissipation changes are given by
As in Eq. (2), the first term in the expressions for Δf and ΔD is due to the solvent effect and they vanish when we consider changes in film properties when the film is immersed in the same liquid both before and after the change. The film mass change is now given by the Sauerbrey term with a correction factor accounting for the viscoelastic properties of the film. Further, there are dissipation changes due to the viscoelastic nature of the film.
Results
Interactions of gold NPs in water with the SLB
The QCM-D response of frequency and dissipation changes in the experiments involving the citric acid-stabilized gold NPs in water are shown in Fig. 1A for 10 nm NPs and in Fig. 1B for 40 nm NPs. In these figures, the sequence of events 'a' through 'f' represents the various liquid flow processes over the quartz crystal. In stage (a) a stable lipid bilayer was formed and the bilayer formation was monitored via QCM-D in several steps. As the initial Tris-NaCl buffer on the crystal was replaced by the flow of vesicle solution in the same buffer, the vesicles adsorb on the crystal. This was revealed by the initial large decrease in frequency, or increase in mass, and a sharp increase in dissipation denoting a soft film formation. The vesicles then rupture spontaneously releasing encapsulated aqueous phase and forming the planar supported bilayer. This was indicated by the large increase in frequency, or decrease in mass, associated with the loss of liquid from the vesicle interior and a significant decrease in dissipation denoting that the soft vesicle layer with the liquid encapsulated inside vesicles and trapped between vesicles was being replaced by a more rigid lipid bilayer film. The membrane was then stabilized during buffer flow in stage (b), which removed any un-ruptured vesicles or not strongly adsorbed lipid fragments. In stage (c) the bilayer was conditioned with the flow of ultrapure water in order to prepare for the nanoparticle contact. The addition of water caused the frequency to increase and dissipation to decrease due to the slightly lower viscosity and density of water that replaced the higher viscosity and density buffer solution. A dispersion of gold NPs in water was then administered to the bilayer and allowed to interact for 10 min in stage (d). Water was then flowed through the system in stage (e), followed by a final buffer rinse in stage (f). These final rinses allowed for bilayer comparison before and after NP administration.
The changes in Δf and ΔD observed from the end of stage (c) to the end of stage (d) represent the consequences of NP interactions with the lipid bilayer. Eq. (2) demonstrates how the density and viscosity of the solvent affected the frequency and dissipation changes. If the density and viscosity values of the solvent in stage (c) are different from those of the solvent in stage (d), the observed Δf and ΔD values will have contributions arising from the change in the bulk properties of the solvent. We can evaluate whether this is the case in order to decide whether any solvent corrections are needed.
The number of NPs added was constant for all four NP sizes. The largest volume or mass fraction of NPs added corresponds to the 40 nm NP and therefore it is expected that the density and viscosity changes will be the largest for this system. We calculated the mass concentration of the 40 nm NP in the solvent to be 79,325 ng/mL based on the number concentration of the particles and the mass density of gold. Taking the density of water to be 1 g/mL, the density of NP-containing solvent (i.e., water + NPs) was 1.0000793 g/mL, which was not significantly different from that of the NP-free solvent (water). For the three smaller sized NPs, the density of the NP-containing solvent will be even smaller . The ratio between the viscosity of the NP-containing solvent (η w + NP ) and the NP-free solvent (η w ) as a function of the volume fraction φ NP of spherical NPs was calculated from the Einstein equation [20, 21] :
Since the particle volume fraction φ NP is small,~4 × 10
, the viscosity of the NP containing solvent will be practically identical to the viscosity of the NP-free solvent. This conclusion is also valid for the other three smaller sized NPs examined in this work, since their volume fractions will be even smaller than that for the 40 nm NP. Since both the density and the viscosity of NP-containing solvent and NP-free solvent are practically the same, the measured Δf and ΔD values will have no contributions from the solvent bulk properties when we replace the solvent in stage (c) by the solvent in stage (d). Therefore, all observed changes in Δf and ΔD can be confidently assigned solely to the interactions of the NPs with the bilayer.
The observed dissipation changes for all four sizes of NPs at various overtone numbers are negligible (Fig. 2) . This implies that the lipid bilayer on the quartz surface can be treated as a rigid film and the frequency changes observed can be directly connected to mass changes through the Sauerbrey relationship Eq. (2) . From the frequency change measured as the difference in frequency at the end of stage (c) and stage (d), areal mass changes were determined for each NP size and at each overtone. Using this areal mass change and taking the crystal active area to be 1 cm 2 , the total mass changes on the crystal at various overtones were calculated (Fig. 3) . The calculated mass change values at all overtone numbers were small but negative, indicating that a small mass was lost from the system for all sizes of the NPs, implying the removal of some lipid molecules (Fig. 3) . The mass loss is in the 1 to 6 ng range indicating that at best 1 or 2% of the lipids in the bilayer would have to be removed to explain the observed QCM-D response.
Interaction of gold NPs with the SLB in the presence of PMAA
We investigated the influence of organic molecules simulating the presence of NOM in the environment, selecting polymethacrylic acid (PMAA) with carboxyl functional groups. The QCM-D response of frequency and dissipation changes in the experiments involving the NPs in PMAA + water are shown in Fig. 1C and D for the 10 nm and 40 nm NPs, respectively. As in the case of citric acid-stabilized gold NPs in water, the sequence of events 'a' through 'h' in Fig. 1C and D represents the various liquid flow processes over the quartz crystal, with the first three stages (a, b, and c) being identical to those discussed. In stage (d) a solution of 0.001 wt.% PMAA in water was allowed to flow over the bilayer. Gold NPs equilibrated in the PMAA solution (0.001 wt.% PMAA in water) were then allowed to interact with the SLB in stage (e). A rinse in the PMAA solution followed in stage (f), followed by a water rinse in stage (g), and a final buffer rinse in stage (h). The water rinses in stages (c) and (g) were performed to maintain the same sequence of steps as for the experiment with NPs in water.
The mass concentration of PMAA used in the experiments was 10 −5 g/mL and the mass concentration of the 40 nm NP in the solvent was 79,325 ng/mL. As the molecular weight of PMAA is 6.8 kDa, we do not expect to see a large effect on solution properties from the presence of the polymer. Given these values, using the same quantitative arguments discussed in Section 3.1, we can conclude that the viscosities of PMAA + water + NPs and PMAA + water were practically identical to the viscosity of water; and the densities of PMAA + water + NPs and PMAA + water were practically identical to the density of water. Therefore, all frequency and dissipation changes monitored were free of any contributions due to solvent bulk property changes. The changes in Δf and ΔD observed from the end of stage (d) to the end of stage (e) represent solely the consequences of NP interactions with the lipid bilayer in the presence of PMAA. The addition of PMAA to the system caused a size-dependent mechanism for the NP-bilayer interaction (Fig. 3) . The 2 nm and 5 nm gold NPs contributed to a small mass increase on the bilayer surface, indicating NP adsorption on the bilayer while the 10 nm NPs exhibited a small mass decrease on the surface, which indicated some lipid removal. All of these changes were relatively quite small. The most prominent change was seen with the 40 nm gold NPs, which caused a large mass decrease on the surface, causing approximately 22% of the bilayer to be removed. The frequency changes for each overtone were fairly similar, indicating that the lipid loss was a homogenous process along the depth of the bilayer. The dissipation change for the 40 nm NP was still quite small and negative, implying that the rigidity of the bilayer was maintained even if there was a significant lipid loss from the bilayer (Fig. 2) .
Interaction of PMAA with the SLB before and after NP exposure
The changes in Δf and ΔD observed from the end of stage (c) to the end of stage (d) in Fig. 1C and D represent the interactions of PMAA with the lipid bilayer, before the bilayer was exposed to NPs. For the 10 nm and 40 nm particles, these Δf and ΔD values are plotted in Fig. 4A and B, respectively. PMAA's interaction was unaffected by NP size, since all of this interaction occurred before the exposure of the bilayer to the NPs. The significant decrease in the frequency and small increase in the dissipation implied that there was significant adsorption of PMAA on to the lipid bilayer, yet the basic structural organization and rigidity of the bilayer had not been affected.
The changes in Δf and ΔD observed from the end of stage (e) to the end of stage (f) in Fig. 1C and D represent the interactions of PMAA with the lipid bilayer, after the bilayer was exposed to NPs. For the 10 nm and 40 nm NPs, these Δf and ΔD values are plotted in Fig. 4C and D, respectively, and size affected these interactions. For the 10 nm NPs, there were no noticeable changes in frequency or dissipation and the bilayer was not affected by the exposure to the NPs (as discussed in Section 3.2). Further, subsequent contact with the PMAA did not result in any modifications to the bilayer. In contrast, for the 40 nm NPs, there was a significant frequency decrease, implying that mass was added to the bilayer. Exposure of the bilayer to the NPs caused appreciable mass loss in stage (d) to (e), but this mass loss was more than compensated by a mass increase in stage (e) to (f), implying that the PMAA adsorbed onto the bilayer and adsorbed to defect sites caused by lipid removal.
Discussion
Measured Δf and ΔD represent NP-bilayer interactions and not solvent effects
A fundamental question in QCM-D experiments is whether any of the measured frequency and dissipation changes could have originated from changes in the bulk properties of solvents. Significant changes in frequency and dissipation are possible even from what may be seen as small changes in solvent density and viscosity, according to the solvent dependent terms in Eq. (2) . In the present study, the question translates to the differences in the viscosities and densities of the solvent compared to the solvent containing NPs. In one case the solvent is water and in the other case it is a solution of PMAA in water. The larger NPs would make the most contributions to density and viscosity. Taking the most extreme case of the 40 nm NPs, viscosity (η) and density (ρ) changes due to the addition of NPs in the NP-free solvent can be written as
Corresponding to these bulk property changes, the changes in frequency and dissipation calculated from the solvent-dependent terms in Eq. (2) are indeed entirely negligible and therefore, we can conclude that all changes we measured are solely due to the interaction of NPs with the bilayer membrane.
Estimating citric acid-stabilized gold NPs adsorption on bilayer
For the citric acid-stabilized gold NPs, we observed small mass losses for all four sizes of NPs. Mass increases were never observed, even though one might expect possible NP adsorption on the bilayer. We explored this by estimating the extent of NP adsorption on the bilayer by applying results reported by Hou et al. [22] , who studied the partitioning of tannic acid-stabilized gold NPs (size 5 to 100 nm) between the aqueous phase and the lipid bilayer. They employed commercially available solid-supported lipid membranes (SSLMs), which are silica spheres with a non-covalent coating of egg PC lipid bilayers, and measured the lipid bilayer-water distribution coefficient K lipw (=C lip /C w ) to be 450 L/kg lipid. Here C lip refers to the concentration of NPs in the lipid domain expressed as mass (or number) of lipid particles per kg of lipid and C w is the concentration of NPs in water, expressed as mass (or number) of NPs per liter of the aqueous phase.
In our QCM-D experiments, we used a particle concentration of C w = 7.14 × 10 13 . Taking the mass of each NP using data provided by the manufacturer, we calculated the total mass of NPs adsorbed on the bilayer per unit area and the corresponding frequency change on the quartz crystal (Table 1 ). All estimated frequency changes are negative since they correspond to mass addition resulting from the adsorption of NPs. The results clearly show that for the number density of nanoparticles used in the experiment, the adsorption of NPs on the lipid bilayer would not be detectable by the QCM-D for the 2, 5 and 10 nm particles and is very small but detectable, for the 40 nm particle.
Citric acid stabilized gold NP adsorption on bilayer causes some lipid removal
The experimental QCM-D data for all four sizes of citric acidstabilized gold NPs showed positive frequency changes, corresponding to net mass loss. The mass loss is quite small, in the range 0 to 6 ng, and must come from the removal of some lipid molecules from the bilayer. We propose that the NPs adsorb on the surface and the NP adsorption causes displacement of lipid head groups due to the surface insertion of the particle (Fig. 5) . This affects the lipid conformation and the resulting membrane stresses are relieved by the escape of some lipid molecules from the bilayer. This is qualitatively similar to the suggestion made in the literature for α-helical peptides adsorbing on the lipid bilayer and the resulting membrane stress giving rise to the formation of pores [24] . Only a small amount of lipid is removed consistent with the small amount of NP adsorption, and the lipid removal occurs leading to small pores or other forms of membrane defects that are not significant enough to perturb membrane stability.
PMAA coated NPs adsorb more strongly to the bilayer
QCM-D measurements of gold NP-bilayer interactions were conducted in the presence of polymethacrylic acid. One expects the spontaneous adsorption of PMAA over the gold NPs and therefore these experiments could reveal the interactions between the PMAA coated gold NPs and the lipid bilayer that had been exposed to PMAA. For 2 nm and 5 nm NPs, a small negative frequency change (mass increase) was observed, while the dissipation change was negligible (Figs. 2 and  3 ). For the 10 nm NPs, frequency and dissipation changes were both negligible, while for the 40 nm NPs there was a significant frequency increase (mass loss) accompanied by a small increase in dissipation. Since NP adsorption can perturb the lipids and cause some lipid removal, evidently the adsorption of NPs in the presence of PMAA must be larger to compensate for the mass loss. For the 10 nm and 40 nm NPs, other mechanisms should be operative (discussed in the next section) to cause the mass loss observed.
Studies on the interactions of PMAA with gel and liquid crystalline states of DMPC bilayer have been presented in the literature by Xie and Granick [25] . They found that a large amount of PMAA adsorbed even at the earliest measurement times, and for very low solution concentrations of PMAA (0.1 and 1 mg/mL). This is similar to our QCM-D results where PMAA was found to adsorb on the PC bilayer from a 1 mg/mL solution of PMAA, giving rise to a frequency change of 24 Hz in about 2 min. Xie and Granick proposed that since the head groups of the DMPC were dipolar, being positive on the termini (-N(CH 3 ) 3+ ) and negative a few angstroms underneath (-PO 2− ), the ions of PMAA would electrostatically interact with the dipoles of the lipid head groups, with PMAA lying on the bilayer surface in the lipid head group region. They also concluded (using infrared measurements of C-H vibration region) that the PMAA adsorption did not induce changes in the average area per phospholipid. The bilayer remained more or less unaffected. This is also consistent with the QCM-D observations where the observed dissipation changes remained very small, implying that the bilayer structure was not fundamentally affected. In the gel phase of the bilayer (not encountered in our QCM-D studies with PC) they found that defects exist (islands and patches of bilayer rather than homogeneous bilayer) and the PMAA adsorbs preferentially at the defect edges, thereby stabilizing the defects.
These observations suggest a simple interpretation for the small mass increase observed with the PMAA-coated 2 and 5-nm particles. The charge on the PMAA was small and the PMAA-coated nanoparticle had some hydrophobicity. As the PMAA adsorption on the bilayer created interactions between the small number of charges on the PMAA and multiple dipoles of the lipid head groups causing head group tilts and creating space for the surface adsorption of the PMAA coated nanoparticles. After the initial surface adsorption, the hydrophobic PMAAcoated nanoparticles could even penetrate into the bilayer as has been reported for small hydrophobic NPs through molecular dynamics simulations. This could also be represented as a larger partition coefficient K lipw compared to the partition coefficient measured for the citric acid stabilized-gold NPs. The mass increase due to adsorption remained slightly larger than any mass loss due to removal of stressed lipids. Also any defects in the bilayer associated with the lipid removal can be filled by PMAA similar to the observation of Xie and Granick of PMAA adsorbing on defect edges.
The penetration of the pores by hydrophobic nanoparticles has been observed in molecular dynamics simulations where the particle is engulfed within the hydrophobic domain of the bilayer. For example, Li et al. used coarse-grained molecular dynamics simulations to show that the hydrophobicity of the nanoparticle controls the interaction with the membrane [26] . For NPs interacting with a dipalmitoylphosphatidylcholine (DPPC) membrane, a zwitterionic membrane that is similar to PC, Li et al. showed that hydrophobic NPs would become included in bilayer, while semi-hydropobic NPs adsorbed to the surface of the membrane [26] . When the simulation was allowed to progress for more time, deformations in the lipid bilayer were observed to be temporary, and rearrangement of lipid molecules could occur.
Experiments with lipid bilayers and vesicles have also shown relationships between NP physicochemical properties and interaction mechanisms with the lipid structure. For example, Bothun showed that hydrophobic 5.7 nm Ag nanoparticles, functionalized with decanethiol, became internalized in the hydrophobic lipid interior of a DPPC liposome [27] . The NP diameter was near or exceeding the bilayer thickness, but due to the hydrophobic properties of the gold-decanethiol NPs, the particles could insert into the hydrophobic region of the bilayer. Other examples of gold and silver NPs treated with hydrocarbons to impart hydrophobicity have demonstrated NP insertion into vesicles and/or lipid bilayers [28] [29] [30] . In order to embed a nanoparticle into a hydrophobic membrane, the NP must be small and hydrophobic, with sizes estimated to be b4-8 nm [27, 31] .
Size-dependent NP engulfment by bilayer causes lipid removal
For 40 nm NPs coated with PMAA, large mass losses were observed. We have attributed the mass increase observed for the 2 and 5 nm NPs to the stronger adhesion between the PMAA coated gold NPs and the bilayer. The question we need to answer is why such strong adhesion lead to mass loss in the case of the 40 nm NPs, but not for the smaller NPs. In addition, adhesion plays a different role in the behavior of the 40 nm NPs in water compared to with PMAA. We propose that the large PMAA-coated NP was engulfed by a fragment of the bilayer (Fig. 6 ) causing a significant amount of lipid to be removed from the bilayer (hence, the observed mass loss), and that this engulfment does not occur for the smaller PMAA-coated NPs and for the citric acid-stabilized 40 nm NPs in water. Table 1 Estimation of frequency changes due to nanoparticle adsorption on bilayer. To determine the likelihood that the NP could be engulfed by the lipid bilayer, one has to consider the free energy change between the nanoparticle-engulfed state and the initial state of the planar bilayer coexisting with the spherical particle. This free energy change should be negative for this engulfment process to occur spontaneously. Taking a phenomenological view, three principal free energy contributions are to be considered. The first is the interaction of the NP with the bilayer in contact with it. Second, the lipid that was present in the planar bilayer is now present in a spherical bilayer. Finally, the removal of the lipid from the planar bilayer leaves behind a lipid interface in contact with the aqueous domain. We represent these three contributions through the simple expression
where Δg is the free energy change expressed per nanoparticle, R P is the radius of the nanoparticle, −ε adh is the attractive adhesive interaction energy per unit area between the nanoparticle and the bilayer engulfing it, κ is the bending modulus of the bilayer, δ is the thickness of the bilayer and ε int is the positive interfacial energy per unit area. The first term represents the adhesion energy between the fully engulfed PMAA coated NP and the bilayer. We could instead have considered only partial engulfment, but the qualitative discussions and conclusions below are not affected by this choice. The second term represents the bending energy associated with the planar bilayer becoming a spherical bilayer. The third term represents the free energy of formation of the interface, or the edge energy. The interfacial area is taken as equal to 4πR P δ, corresponding to a pore of radius 2R P (based on the consideration that the pore area is equal to the surface area of a particle since the lipid from this pore is covering the entire surface of the particle). The condition Δg b 0 for the engulfment of the nanoparticle by the bilayer is satisfied if the NP size exceeds a critical particle radius R PC obtained by equating Δg to zero.
The calculated critical particle diameter (2R PC ) is plotted in Fig. 7 for various values of the adhesion energy and interfacial energy. In all calculations, the bending modulus of the bilayer is taken equal to 20 kT as has been reported in the literature [32] . Obviously, the engulfment is more probable for larger NPs than smaller NPs, since the energy penalty associated with the bilayer bending decreases with increasing particle size. Further, if the adhesive energy ε adh is large or if the interface energy ε int is small, then the critical particle radius decreases, implying that smaller NPs could be engulfed by the bilayer. Comparing the PMAA coated NPs of the smaller size against the 40 nm NPs, all of which have the same adhesion energy and interfacial energy, this model clearly suggests why the larger size particle allowed for engulfment and resulted in mass removal from the bilayer because of the bending energy contribution. Comparing the 40 nm citric acid-stabilized particle against the PMAA-coated NP, this model clearly suggests how the stronger adhesion in the latter case permits engulfment by the bilayer with resultant mass removal.
Delayed PMAA adsorption on bilayer defects
For the 40 nm PMAA coated particles, we observed a mass loss during the beginning of stage (e) followed by a mass increase during the beginning of stage (f). Since PMAA can adsorb on the defect sites, it is possible to interpret our results in terms of PMAA adsorption on the defect sites on the bilayer where the lipid had been removed. However, the adsorption of PMAA did not occur immediately following lipid removal early on in stage (e) even though the PMAA in the PMAA + NP + water solvent was available for adsorption. Instead, the PMAA adsorption process became possible only after the end of PMAA + NP + water solvent flow (stage e) and when the flow of PMAA + water commenced (beginning of stage f). We speculate that this could be due to the diffusional barrier provided by the presence of NPs near the bilayer interface preventing the PMAA from reaching and adsorbing onto the bilayer and bilayer defects. Some support for such a speculation comes from a recent study that investigated the role of gravity force on spherical gold NPs, surface modified with 3-mercaptopropionic acid, interacting with lipid bilayer [33] . Zhu et al used the QCM-D with a closed flow chamber, positioning the supported lipid bilayer at the bottom and top of the liquid medium by adopting an upright and inverted configuration, respectively. On the upright crystal, the NP solution was above the bilayer while in the inverted crystal, the solution was below the bilayer. They found larger nanoparticle adsorption on the upright bilayer compared to the inverted bilayer. This could not be attributed to the gravity force since it is much smaller in magnitude compared to van der Waals forces and electrostatic forces governing adsorption. They argued that the gravity force causes a gradient in the NP distribution in the liquid in contact with the bilayer. For the upright bilayer, such gravity induced sedimentation causes a high local concentration of the NP near the bilayer and that is responsible for the increased adsorption. For the inverted crystal, the opposite situation prevails.
Based on this study, we speculate that a higher local concentration of the 40 nm gold NPs exists close to the bilayer surface preventing the PMAA from diffusing to and adsorbing on the bilayer during stage (e). Once the NP flow ends, this barrier is removed and even at the very beginning of stage (f) PMAA could immediately adsorb on the defect sites of the bilayer adding to the mass. Additional measurements and other experimental methods would be needed to confirm this speculative explanation.
Conclusions
Nanomaterials exhibit cytotoxicity through various mechanisms. All of the mechanisms except cell membrane disruption can result also from the molecular, atomic, or ionic species constituting the NP, without requiring the nanoparticle nature of the material. Supported lipid bilayer membranes represent an attractive model membrane platform to study membrane disruption, since there are no interfering or complicating factors such as would be the case if a biological cell is used. In this work, QCM-D was employed to study the interactions of gold NPs with a zwitterionic egg PC bilayer both in the absence of and in the presence of polymethacrylic acid acting as a NOM simulant. The results show that 2, 5, 10, and 40 nm diameter citric acid-stabilized gold NPs caused a small lipid loss from the bilayer. The dissipation changes were small enough to suggest that no significant perturbation of the membrane structure occurred. Since the lipid loss was quite small, it is possible that pores of a size sufficient to permeabilize the membrane were not generated, implying that the NPs were not cytotoxic. NP adsorption induces stress on the lipids, causing some lipid removal as the stress relief or free energy lowering mechanism. When the NPs were in the presence of PMAA, the smaller NPs caused a mass increase on the bilayer. The increased adhesion between the NPs and the bilayer due to PMAA was responsible for increased NP adsorption overcompensating for the loss of some lipid molecules. The most remarkable change observed in this study was the significant mass loss in the case of the 40 nm NP, in the presence of PMAA. We attributed this to the lipid bilayer engulfing the NP and being removed from the crystal surface. To rationalize the size dependent behavior in the presence of PMAA and also the difference in behavior between the presence and absence of PMAA, we proposed a simple model for NP-polymer-bilayer interactions accounting for the competition between the particle-bilayer adhesion energy, the bilayer bending energy and the interfacial energy at bilayer defect edges. The model clearly shows that for all particle sizes, if the particle adhesion is not adequate, then lipid engulfment of NP does not occur. In contrast, if the adhesion is stronger, then particles of larger size allow for lipid engulfment but not particles of smaller sizes. The model thus rationalizes the observed behavior of 40 nm NP in the presence of PMAA wherein the more adhesive NPs are engulfed by the bilayer and leave the crystal surface causing significant mass loss. This large mass change can be associated with membrane disruption and cytotoxicity. This suggests that even if gold NPs are intrinsically not cytotoxic, they can become cytotoxic in the presence of organic additives representing NOM because of the changes in the adhesive interactions promoted by the adsorbing polymer. This result would suggest that nanotoxicology studies should focus not only on the nanoparticle and its surface chemistries but also on the organic species present in the environment in order to determine the risk of nanoparticle cytotoxicity.
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